Lysosomal proteolysis is essential for the quality control of intracellular components and the maintenance of cellular homeostasis. Lysosomal alterations have been implicated as one of the main cellular defects contributing to the onset and progression of Alzheimer's disease (AD). However, the mechanism underlying lysosomal deficits in AD remains poorly understood. Here, we reveal that lysosomal deficits are attributed to retromer dysfunction induced by altered retromer trafficking in the axon of AD-related mutant human amyloid precursor protein (hAPP) transgenic (Tg) mouse neurons. We demonstrate that retrograde transport of retromer is impaired, leading to its significant reduction in the soma and abnormal retention within late endosomes in distal axons of mutant hAPP neurons. Therefore, retromer-mediated endosome-to-Golgi retrieval of cation-independent mannose-6-phosphate receptors (CI-MPR) in the soma is disrupted in mutant hAPP neurons, causing defects in lysosome biogenesis. Such defects result in protease deficiency in lysosomes and impaired lysosomal proteolysis, as evidenced by aberrant accumulation of sequestered substrates within lysosomes. Intriguingly, enhancement of retrograde transport in mutant hAPP neurons facilitates the trafficking of axonal retromer toward the soma and thus enhances protease transport to lysosomes, thereby restoring lysosomal proteolytic activity. Taken together, our study provides new insights into the regulation of retromer trafficking through retrograde axonal transport to fulfil its function in promoting lysosome biogenesis in the soma, suggesting a potential approach for rescuing lysosomal proteolysis deficits in AD.
Introduction
As the primary catabolic compartment, the lysosome has been established to receive and degrade biomacromolecules from the secretory, endocytic, autophagic and phagocytic membrane trafficking pathways through the concerted action of acidic hydrolases (1, 2) . The lysosome requires continuous replenishment of newly synthesized hydrolases to maintain lysosomal degradation capacity. Impaired lysosomal proteolysis forces cells to store cytotoxic cargos, such as pathological protein aggregates and dysfunctional organelles, thus triggering apoptotic cascades and cell death (3) . Lysosomal deficits have been linked to the pathogenesis of Alzheimer's disease (AD) (4, 5) . However, the underlying mechanism of such deficits in AD remains poorly understood.
The retromer complex has been established as a key molecular factor responsible for the retrieval of cargo receptors from the endosome to the trans-Golgi network (TGN) (6) (7) (8) . As a multimeric protein complex, retromer is composed of a sorting nexin (SNX) heterodimer and a vacuolar protein sorting (VPS) heterotrimer (9) . The intramembranous acid hydrolase receptor-cation-independent mannose-6-phosphate receptor (CI-MPR), a well-characterized cargo sorted by retromer-transports newly synthesized lysosomal enzymes from the TGN to the endosomal compartment for their translocation to the terminal destination: the lysosome (6, 10) . Proper delivery of Cathepsin D and other proteases to the lysosome depends on the presence of CI-MPR in the Golgi. Retromer coordinates this crucial step required for lysosome biogenesis by mediating CI-MPR retrieval from the late endosome to the Golgi (6, 10, 11) .
Neurons, with their distinct functional domains and complex requirements for regulated trafficking, provide a fertile environment in which to study the role of this sorting complex. A number of recent studies have demonstrated that deficiencies in VPS35, a key component of the retromer complex, result in impaired a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor trafficking, decreased dendritic spine maturation, a reduction in long-term potentiation (LTP) (12, 13) . Dopaminergic neuron loss following retromer deficiency has also been observed by impairing mitochondrial fusion and fission or by disrupting endosome-to-Golgi retrieval of lysosomeassociated membrane glycoprotein 2a (Lamp2a) (14) (15) (16) . Moreover, accumulating evidence indicates that retromer deficiency may contribute to the etiology of both AD and Parkinson's disease (PD) (11) . In AD, a relative decrease in multiple retromer proteins was found in some disease-affected regions of AD patient brains (17) . Reducing retromer proteins was shown to exacerbate memory deficits in a mouse model of the disease (18) . Studies have also linked retromer deficiency to the bidirectional modulation of amyloid-b (Ab) production (7, (17) (18) (19) . Thus, elucidating retromer function in the brain and its regulation are of critical importance for understanding the pathogenesis of AD and PD.
Efficient endocytic transport is fundamental to the maintenance of cargo trafficking and recycling processes. Transport failure has been noted to lead to missorting and abnormal cargo accumulation (20) . The retromer complex is recruited to the late endosome through the interaction of late endosomal Rab7 with the retromer proteins VPS35 and VPS26 (21, 22) . The late endosome has been consistently shown to co-localize or associate with retromer and other VPS subunits (21, (23) (24) (25) . In neurons, while the TGN is mainly localized in the soma, the late endosome is enriched in the axon and undergoes predominant longdistance retrograde transport toward the soma (26) (27) (28) . Given that cargo sorting occurs primarily in the soma of neurons, this raises a fundamental question: Does retrograde axonal transport regulate retromer functionality in the soma, in particular, the retromer-dependent endosome-to-Golgi retrieval of CI-MPR? We previously uncovered a cellular defect in AD neurons: retrograde transport of the late endosome is impaired due to dynein-Snapin motor-adaptor uncoupling (26) . Thus, a critical question remains: Do such defects compromise retromer trafficking and thus its role in the soma of AD neurons?
Here, we reveal that impaired retrograde transport of retromer in the axon leads to its significant reduction in the soma of mutant hAPP neurons. Therefore, somatic retromer-mediated CI-MPR targeting to the Golgi is disrupted, resulting in defective protease transport to lysosomes and impaired lysosomal proteolysis. Strikingly, enhanced retrograde transport facilitates the trafficking of axonal retromer toward the soma and thus lysosome biogenesis, thereby rescuing lysosomal defects in AD neurons. Our results provide both in vitro and in vivo evidence that retrograde axonal transport is essential for maintaining retromer's level and functionality in the soma of neurons. Our study establishes a foundation for future investigations into cellular pathways enhancing lysosomal proteolytic activity through the up-regulation of retrograde transport and retromer function in AD.
Results

Impaired trafficking of the retromer toward the soma of mutant hAPP Tg neurons
The retromer complex mediates the retrieval of its cargo-CI-MPR-from the late endosome to the Golgi, which is required for proper transport of proteases to the lysosome (11, 29) . We examined the intracellular distribution of the core retromer proteins VPS35 and VPS26 in cortical neurons derived from an AD-related mouse model-mutant hAPP transgenic (Tg) mice harboring the human AD Swedish and Indiana mutations of hAPP (J20) (30) . We found that the levels of VPS35 and VPS26 were reduced by $32% and $30% in mutant hAPP Tg neurons relative to those of WT littermate controls (P < 0.001), respectively ( Fig. 1A and B) . It has been shown that Rab7 recruits retromer to the late endosome through direct binding to VPS35 (21, 22) . Consistently, we demonstrated that the retromer proteins VPS35 and VPS26 along with CI-MPR were detected on Rab7-associated late endosomes immunoisolated from light membrane fractions of mouse brains (Fig. 1C) . Previous studies showed that Snapin, a dynein motor adaptor, associates with late endocytic compartments and mediates the recruitment of dynein motors to late endosomes (26, 27) . Consistent with these observations, we showed that Snapin, along with dynein motor intermediate chain (DIC), was present on Rab7-associated late endosomes (Fig. 1C) . Moreover, the purity of the preparation was confirmed by lack of p115 (a Golgi marker) and cytochrome c (a mitochondrial marker) (Fig. 1C) .
In neurons, late endosomes are relatively abundant in the axon and undergo long-distance retrograde transport toward the soma (26) (27) (28) 31) . We next determined axonal distribution of the retromer. In WT neurons, VPS35 appeared as vesicular structures and partially co-localized with Rab7-associated late endosomes (Fig. 1D) . However, in the axon of hAPP neurons, VPS35 was retained within late endosomes, as evidenced by markedly increased association with late endosomes (WT: 57.67% 6 2.80%; hAPP: 80.81% 6 1.88%; P < 0.001) ( Fig. 1D and E) . Consistently, compared to WT neurons, we detected $56% and $131% increase in the densities of total and late endosomeassociated VPS35 in the axon of AD neurons, respectively (total VPS35 per 10 lm axon: 1.56 6 0.08; P < 0.001; late endosomal VPS35 per 10 lm axon: 2.31 6 0.13; P < 0.001) ( Fig. 1D and E) . In contrast, we found a very small portion of VPS35 associated with late endosomes in the dendrites of WT neurons (8.72% 6 0.79%; P < 0.001) (Supplementary Material, Fig. S1A and B) . Such results related to dendritic retromer were also reported in previous studies (32, 33) . It is important to note that there was no detectable difference in terms of the percentage of dendritic VPS35 association with late endosomes between WT and mutant hAPP neurons (hAPP: 10.18% 6 0.84%; P ¼ 0.214) (Supplementary Material, Fig. S1A and B) . Thus, our observation suggests differential mechanisms of retromer trafficking in the axon versus the dendrite. Given that the TGN is mainly localized in the soma, retrograde axonal transport of late endosomes could be critical for trafficking retromer toward the soma and thus mediating endosome-to-Golgi retrieval of CI-MPR. Axonal late endosomes likely serve as critical carriers executing retromer trafficking, thereby regulating its function in the soma. brains. Rab7-associated late endosomes were immunoisolated with anti-Rab7-coated Dyna magnetic beads from light membrane fractions of mouse brains, followed by sequential immunoblotting on the same membranes after stripping between each antibody application. The purity of the preparation was confirmed by the absence of p115 (a Golgi marker) and cytochrome c (a mitochondrial marker). (D and E) Representative images (D) and quantitative analysis (E) showing aberrant retention of VPS35 within late endocytic organelles along mutant hAPP Tg axons. Note that the densities of VPS35 and late endosome-associated VPS35 were increased in hAPP axons. While late endosome-loaded VPS35 is marked by arrows, the non-late endosomal VPS35 is indicated by arrowheads. The percentage of VPS35 co-localized with Rab7-labeled late endosomes in the axons of WT and mutant hAPP neurons was quantified. The average numbers of total VPS35 or VPS35 associated with Rab7-labeled late endosomes per 10 lm axon in mutant hAPP neurons were further quantified and normalized to those of WT neurons, respectively (E). (F-H) Impaired retrograde transport of late endosome-loaded VPS35 in the axon of mutant hAPP Tg neurons. The relative motility of axonal VPS35 and late endosome-associated VPS35 was measured. Vertical lines represent stationary organelles; oblique lines or curves to the right represent anterograde movements; lines to the left indicate retrograde transport. Cortical neurons were transfected with GFP-VPS35 and mRFP-Rab7 at DIV5, followed by time-lapse imaging at DIV13-15. Note that a significant portion of VPS35 co-localized and co-migrated with late endosomes along the same axon of WT neurons. Data were quantified from a total number of neurons (n) as indicated in parentheses (E, F and G) or on the top of bars (B) from at least four independent repeats. Scale bars: 10 lm. Error bars: SEM. Student's t test: ***P < 0.001; **P < 0.01.
To address whether a significant reduction of retromer in the soma and abnormal retention in the axon of mutant hAPP neurons result from impaired retrograde transport, we next assessed the motility of the retromer protein, VPS35, by timelapse confocal imaging in live neurons. Late endosomes undergo retrograde transport along the axon (27, 28, 31, 34) . We demonstrated that a significant portion of VPS35 co-migrated with Rab7-labeled late endosomes in a retrograde direction along the axon of WT neurons. However, in mutant hAPP neurons, the retrograde transport motility of axonal VPS35 was significantly reduced (WT: 29.35% 6 2.81%; hAPP: 18.92% 6 2.22%; P < 0.01). Late endosomal VPS35 transport was also impeded along the same axon (WT: 33.52% 6 3.25%; hAPP: 19.90% 6 2.72%; P < 0.01). This is consistent with our previous results, which have shown impaired retrograde transport of late endosomes in mutant hAPP axons (26) . As an internal control, anterograde transport did not show any detectable changes, suggesting selective defects in retrograde transport of retromer in AD axons (Fig. 1F-H) . Consistent with previous studies (32, 33) , we found that retromer displayed bi-directional shortrange movement along the dendrite of WT neurons. Mutant hAPP neurons showed no detectable change in the motility of dendritic retromer relative to WT littermate controls (data not shown). Therefore, our findings indicate that defective retrograde transport leads to abnormal late endosomal retention of retromer in distal axons, thereby disrupting its trafficking toward the soma in AD neurons.
Reduced density of somatic retromer in mutant hAPP Tg mouse brains
To confirm our imaging data from cultured neurons, we analyzed the distribution of the retromer in mutant hAPP Tg mouse brains. In the hippocampal mossy fibers of WT mice, the retromer protein VPS35 appeared as dim vesicles or a backgroundlike pattern. However, in the same regions of AD mice, VPS35 was observed as clusters (averaged number of VPS35 clusters per imaging slice section: WT: 10.84 6 0.66; hAPP: 28.13 6 2.03; P < 0.001) ( Fig. 2A and C) . Given that hippocampal mossy fibers are enriched with axons and presynaptic terminals, VPS35 clusters in mutant hAPP Tg mice were partially co-localized with synaptophysin (SYP)-labeled presynaptic terminals ( Fig. 2A) . The density of synaptic VPS35 clusters was significantly increased in mutant hAPP Tg mice compared to that of WT littermate controls (averaged number per imaging slice section: WT: 5.38 6 0.52; hAPP: 20.08 6 2.15; P < 0.001) ( Fig. 2A and D) . These VPS35 clusters also showed increased association with Rab7-labeled late endosomes in the hippocampal mossy fibers of hAPP mice (averaged number per imaging slice section: WT: 9.05 6 0.72; hAPP: 31.57 6 1.12; P < 0.001) (Fig. 2B and D) . Furthermore, late endosomal retromer was retained in dystrophic presynaptic terminals surrounding amyloid plaques (Fig. 2B) . Consistent with our imaging data from neuron cultures ( Fig. 1A and B) , somatic retromer protein VPS35 was found to be significantly reduced in the hippocampal regions of mutant hAPP Tg mice compared to that of WT littermate controls (0.72 6 0.01; P < 0.001) (Fig. 2E and F) . Thus, these in vitro and in vivo observations consistently showed aberrant accumulation of retromer in distal axons and a significant reduction in the soma of mutant hAPP neurons. Moreover, there is no detectable reduction in VPS35 levels in both mutant hAPP Tg neurons and mouse brains compared to WT littermates (Neuron: 0.91 6 0.07; 
Impaired Golgi targeting of CI-MPR in the soma of mutant hAPP Tg mouse neurons
Retromer mediates CI-MPR retrieval from late endosomes to the Golgi (24), acting primarily in the soma of neurons due to predominant somatic localization of the Golgi. We hypothesized that a reduction in somatic levels of retromer may impair its role in mediating CI-MPR targeting to the Golgi in AD neurons. We found that CI-MPR was enriched in the soma of hippocampal neurons in WT mice, but was remarkably reduced in mutant hAPP Tg mice (0.66 6 0.01; P < 0.001) ( Fig. 3A and B) . Furthermore, Golgi localization of CI-MPR in the soma of hAPP neurons was dramatically decreased compared to that of WT neurons (0.64 6 0.02; P < 0.001) ( Fig. 3C and D) .
We further examined the intracellular distribution of CI-MPR in cultured mutant hAPP neurons. Consistent with our imaging data from mutant hAPP Tg mouse brains, we detected a decrease in the levels of CI-MPR in the soma of hAPP neurons when compared to those of WT neurons (0.782 6 0.027; Fig. S3A and B). Moreover, in mutant hAPP neurons, CI-MPR puncta were relatively dispersed and located in the peripheral regions, and its localization in the Golgi was significantly reduced to $63% (hAPP: 0.629 6 0.038; Fig. S3C and D). Given that retromer mediates the endosome-to-Golgi retrieval of CI-MPR, our observations consistently suggest that impaired targeting of CI-MPR to the Golgi is attributed to defective functionality of retromer in the soma of mutant hAPP neurons.
Furthermore, we found that CI-MPR was clustered and accumulated within late endosomes at presynaptic terminals of hippocampal regions in mutant hAPP Tg mice. While it was not readily detected in WT mice, the density of CI-MPR clusters colocalized with SYP and Rab7 was robustly increased in hippocampal mossy fibers of mutant hAPP Tg mice (averaged number per imaging slice section: SYP: WT: 5.2 6 0.39; hAPP: 15.94 6 1.23; P < 0.001; Rab7: WT: 9.14 6 0.76; hAPP: 22.94 6 1.04; P < 0.001) (Supplementary Material, Fig. S3E , F and G). This result is consistent with undetectable changes in CI-MPR levels observed in both cultured neurons and brains of mutant hAPP mice (Supplementary Material, Fig. S2 ). Together, our data suggest that impaired retromer trafficking results in retention of its cargo, CI-MPR, within late endosomes in distal regions of AD neurons, thereby disrupting the retrieval of CI-MPR from late endosomes to the Golgi in the soma.
To provide further evidence relevant to AD, we examined synaptosomal preparations in the hippocampal regions of AD patient brains. Strikingly, VPS35 was robustly increased relative to that of control subjects (2.11 6 0.26; P < 0.01) (Supplementary Material, Fig. S4A and B). Similar increases in AD patient brains were detected in the levels of Rab7 (1.37 6 0.09; P ¼ 0.01), but not SYP, a synaptic vesicle protein (1.1 6 0.08; P ¼ 0.28). However, compared to control subjects, the post-nuclear supernatants of AD patient brains did not show such alterations in the levels of VPS35 and Rab7 (VPS35: 0.77 6 0.14; P ¼ 0.166; Rab7: 1.00 6 0.24; Fig. S4A and B). These results were quantified from the experiments using four control subjects and five patient brains (postmortem interval 7.08-22.5 h). Thus, the observation from human patient brains is consistent with our imaging data from mutant hAPP Tg mouse brains, suggesting that retromer is aberrantly retained in axonal terminals of AD neurons.
Reduced protease density within lysosomes in mutant hAPP Tg neurons
Proper transport of proteases to the lysosome relies on retromer-mediated retrieval of CI-MPR from the late endosome to the Golgi (11, 29) . We next examined the intracellular distribution of lysosomes loaded with Cathepsin D (CathD) in cultured primary cortical neurons. Neurons were incubated with Bodipy FL-pepstatin A, which binds to the active site of the mature form of Cathepsin D, followed by immunostaining with antibodies against LAMP-1 and MAP2. While the fluorescence signal of Bodipy FL-pepstatin A was detectable predominantly in the soma, but not in the neuronal processes of neurons revealed by MAP2 staining (Fig. 4A ), immunofluorescent signals stained by the anti-Cathepsin D antibody were mostly co-labeled by Bodipy FL-pepstatin A, suggesting that they represent a mature form of active protease with full hydrolytic activity. Moreover, most LAMP-1-indicated lysosomes in the soma co-localized with active Cathepsin D marked by Bodipy FL-pepstatin A (Fig. 4A ). This data indicates that active Cathepsin D-enriched lysosomes are preferentially localized in the soma of neurons in which CI-MPR-dependent transport of newly synthesized lysosomal enzymes from the Golgi mainly takes place (6, 10) .
Compared to those of WT littermate controls, active Cathepsin D labeled by the Bodipy FL-pepstatin A was markedly decreased in cultured mutant hAPP Tg neurons (0.61 6 0.04; P < 0.001) (Fig. 4B and C) . Moreover, active Cathepsin D within somatic lysosomes was remarkably reduced to 35% (0.35 6 0.04; P < 0.001) (Fig. 4B and D) . To further confirm such lysosomal defects, we also examined the active form of lysosomal Cathepsin B (CathB), which was specifically labeled by the cresyl violet fluorogenic substrate CV-(Arg-Arg)2 (Magic Red). Consistently, normalized mean intensities of the active form of lysosomal Cathepsin B in the soma of mutant hAPP neurons were significantly reduced compared to that of WT littermate controls (0.64 6 0.02; P < 0.001) (Supplementary Material, Fig. S5A and B) .
We next determined whether a reduction in VPS35 levels, particularly in the soma of neurons, recapitulates lysosomal defects observed in AD neurons by knocking down VPS35. We found that somatic VPS35 was reduced to $64% in WT neurons expressing VPS35-small hairpin RNA (shRNA) relative to those in control shRNA expressed neurons (0.64 6 0.04; P < 0.001) ( Fig.  4E and F) , suggesting that VPS35-shRNA efficiently reduces endogenous VPS35 levels. Moreover, compared to controls, active lysosomal Cathepsin D labeled by Bodipy FL-pepstatin A was significantly decreased (0.71 6 0.04; P < 0.001) in WT neurons expressing VPS35-shRNA ( Fig. 4G and H) . In addition, active Cathepsin B levels were also reduced in the soma of neurons following knockdown of VPS35 (0.65 6 0.03; P < 0.001) (Supplementary Material, Fig. S5C and D) , which is consistent with our observations from mutant hAPP neurons (Supplementary Material, Fig. S5A and B) . Together, these findings indicate that retromer levels in the soma of neurons are critical for the maintenance of lysosomal degradation capacity through facilitating protease transport to lysosomes.
Impaired lysosomal proteolysis in mutant hAPP Tg neurons
We next tested whether protease deficiency in the lysosome results in impaired lysosomal proteolytic activity by assessing dynamic lysosomal proteolysis in live neurons derived from WT and mutant hAPP Tg mice. We investigated lysosomal degradation of epidermal growth factor (EGF) receptor (EGFR) after internalization. Endogenous EGFRs were primarily located on the plasma membrane of neurons before EGF incubation. Following EGF treatment, EGFRs were internalized and clustered into large puncta (Fig. 5A) . At 3 h after EGF incubation, the normalized EGFR mean intensity reached peak levels with no detectable difference between WT and hAPP neurons. However, at 7 h after EGF treatment, a significant portion (40.80% 6 2.38%; P < 0.001) of internalized EGFRs was degraded in WT neurons, whereas almost all EGFR puncta (91.18% 6 5.46%; P ¼ 0.243) remained in the hAPP neurons, suggesting impaired lysosomal degradation ( Fig. 5A and B) .
We further examined Keima-Mito Red-labeled acidic mitochondria within degradative organelles in live WT and mutant hAPP Tg neurons (35, 36) . Acidic mitochondria indicated by KeimaMito Red were mainly detectable in the soma of neurons and colocalized with the lysosome, suggesting that these defective mitochondria are trapped into lysosomes for degradation (Fig. 5C ). Compared to WT controls, the number of acidic mitochondria in the soma of mutant hAPP neurons was significantly increased (WT: 16.11 6 1.95; hAPP: 55.5 6 3.76; P < 0.001) (Fig. 5C and D) . These data are consistent with impaired lysosomal proteolysis as a result of reduced luminal proteases in the lysosome, thereby enhancing lysosomal retention of defective mitochondria.
AD-linked lysosomal deficits in mutant hAPP Tg mouse brains
Given that lysosomes enriched with proteases are preferentially localized in the soma of neurons (27, 28, 31, 37) (Fig. 4A) , we examined Cathepsin D distribution in mutant hAPP mouse brains. Consistent with our imaging data from cultured mutant hAPP neurons, the density of somatic Cathepsin D was significantly reduced in the hippocampal regions of mutant hAPP Tg mice relative to that of WT littermates (0.54 6 0.016; P < 0.001) at the age of 8 months (Fig. 6A and B) . To determine luminal Cathepsin D levels in the lysosome, we quantified the co-localized intensity of Cathepsin D and LAMP-1-labeled lysosomes in the soma of hippocampal neurons from WT and hAPP Tg mice. Compared to WT controls, lysosomal Cathepsin D was markedly decreased in mutant hAPP neurons (0.39 6 0.018; P < 0.001) (Fig. 6C and D) . We also examined Cathepsin B and Cathepsin L in the hippocampal regions of mutant hAPP mice, and detected a similar reduction of the densities in the soma relative to WT littermate controls (Cathespin B: 0.65 6 0.03; P < 0.001; Cathespin L: 0.70 6 0.02; P < 0.001) (Supplementary Material, Fig. S6 ). Luminal levels of Cathepsin B and Cathepsin L within lysosomes were also decreased (data not shown). Thus, a lack of proteases in the lysosome in mutant hAPP neurons could compromise lysosomal proteolysis. We consistently showed that mutant hAPP Tg neurons displayed $88% increase in defective mitochondria retained within lysosomes (1.88 6 0.12; P < 0.001) (Fig. 6E and F) , suggesting a defective clearance of lysosomal mitochondria. Consistent with our imaging data from cultured mutant hAPP Tg neurons, our in vivo observations provide additional lines of evidence that protease deficiency in the lysosome leads to impaired lysosomal proteolytic activity in AD neurons.
Attenuation of lysosomal proteolysis deficits through enhanced retromer retrograde transport in mutant hAPP neurons
We previously reported that impaired retrograde transport of late endosomes in AD neurons could be reversed by overexpression of Snapin (26) . We next sought to address whether Snapin-enhanced retrograde transport facilitates retromer trafficking toward the soma of AD neurons. Compared to the controls, elevated Snapin expression increased retrograde transport of the retromer protein VPS35 (hAPP: 14.38% 6 1.1%; Student's t test: ***P < 0.001; **P < 0.01. hAPP with Snapin: 29.89% 6 1.5%; P < 0.001) and late endosomeassociated VPS35 (hAPP: 15.26% 6 1.54%; hAPP with Snapin: 31.67% 6 2.09%; P < 0.001). There were no detectable changes in anterograde transport along the same axon of mutant hAPP Tg neurons (Fig. 7A, B and C) . Mutant hAPP neurons expressing Snapin exhibited increased VPS35 density in the soma (VPS35: 1.19 6 0.03; P < 0.001) (Supplementary Material, Fig. S7A and B) . Moreover, CI-MPR levels were significantly increased in the soma and in the Golgi of mutant hAPP neurons relative to those of controls (Soma: 1.383 6 0.076; P < 0.001; Golgi: 1.475 6 0.046; P < 0.001) (Supplementary Material, Fig. S7C, D and E) . Together, our findings indicate that Snapin-enhanced retrograde transport facilitates the endosome-to-Golgi retrieval of CI-MPR through promoting retromer trafficking to the soma in mutant hAPP neurons.
We further determined whether elevated retromer levels in the soma result in enhanced delivery of proteases, thereby increasing luminal proteases in the somatic lysosome of AD neurons. We found that overexpression of Snapin in hAPP neurons significantly increased the density of Bodipy FLpepstatin A-labeled active Cathepsin D in the soma (Fig. 7D) , as shown to be mainly localized within somatic lysosomes ( Fig. 2A) . Mutant hAPP neurons in the presence of HA-Snapin displayed $29% increase in the mean intensity of Bodipy FLpepstatin A, compared to control hAPP neurons in the absence of HA-Snapin from the same imaging field (P < 0.001) (Fig. 7D and E). These data suggest that enhanced retrograde transport of late endosomes facilitates retromer trafficking toward the soma and thus promotes protease transport to lysosomes in AD neurons. We then tested whether increased levels of lysosomal proteases lead to enhanced lysosomal proteolytic activity in mutant hAPP neurons by providing two lines of evidence. First, elevated Snapin levels resulted in a remarkable reduction in the number of acidic mitochondria within somatic lysosomes in mutant hAPP neurons, suggesting enhanced clearance of defective mitochondria (WT: 11.4 6 1.57; hAPP: 56.45 6 4.59; hAPP with Snapin: 14.57 6 1.43; P < 0.001) (Fig. 8A and B) . Second, following Snapin overexpression, the density of autolysosomes was markedly decreased in the soma of hAPP neurons (WT: 0.89 6 0.13; hAPP: 4.51 6 0.45; hAPP with Snapin: 0.88 6 0.14; P < 0.001) (Fig. 8C and D) , which indicates a rescue effect on lysosomal clearance of autophagic cargoes. Altogether, our findings indicate that retrograde transport is critical for trafficking retromer from distal axons toward the soma to fulfil its function in facilitating lysosome biogenesis in the soma, a process that is impaired in AD neurons.
Discussion
Our current study provides new insights into the impact of altered trafficking-induced retromer dysfunction on lysosomal defects in AD neurons: 1) The retromer complex undergoes retrograde transport through its association with late endosomes in the axon of WT neurons, which is impaired in mutant hAPP Tg neurons. Such defects decrease the trafficking of retromer toward the soma (Fig. 1) ; 2) Retromer is reduced in the soma, but retained within late endosomes in distal axons and at presynaptic terminals in the brains of mutant hAPP mice and human AD patients (Fig. 2 and Supplementary Material, Fig. S4); 3) Mutant hAPP neurons show retromer dysfunction in the soma, as evidenced by the impairment of retromer-mediated Golgi targeting of CI-MPR (Fig. 3) ; 4) Luminal proteases in the lysosome are decreased in the soma of mutant hAPP neurons and mouse brains, leading to defective lysosomal degradation of internalized EGFR and defective mitochondria (Figs 4-6); 5) Enhanced retrograde axonal transport of late endosomes facilitates retromer trafficking toward the soma, thereby rescuing lysosomal proteolysis deficits in AD neurons (Figs 7 and 8 ). Our study reveals, for the first time, that AD-linked lysosomal deficits are attributed to retromer dysfunction due to its altered trafficking in the axon. Given the fact that CI-MPR-dependent protease transport to the lysosome mainly occurs in the soma, enhanced retrograde transport facilitates retromer to fulfil its role in the soma in mediating the retrieval of CI-MPR from the late endosome to the Golgi, a crucial step required for lysosomal biogenesis. Our study sets the stage for future investigations into genetic and pharmacological dissection of factors that influence lysosomal proteolytic activity through the regulation of retromer trafficking in AD.
Retromer deficiency has been linked to AD, contributing to the core pathological features of the disease. However, the pathogenic link between retromer and AD has yet to be established (11) . We demonstrate that retromer associates with late endosomes enriched in the axon of neurons (Fig. 1) . A significant portion of retromer co-localizes and co-migrates with late endosomes in a retrograde direction along the axon toward the soma. There, it traffics endosomal CI-MPR to the Golgi, which is required for lysosome biogenesis. However, in mutant hAPP neurons, retrograde transport of retromer is impaired, leading to its abnormal retention in distal axons and thus a significant reduction in the soma (Figs 1 and 2) . As a result, somatic retromer deficiency impairs lysosomal delivery of proteases via CI-MPR (Figs 3 and 4) . Conversely, enhanced retrograde transport in AD neurons rescues somatic retromer deficiency by facilitating retromer trafficking toward the soma, thereby correcting lysosomal proteolysis deficits (Figs 7 and 8) . Therefore, our data indicate a possible link between altered trafficking-induced retromer dysfunction and lysosomal defects in AD, linking to the mechanism of AD pathogenesis.
Reduced levels in the retromer proteins VPS35 and VPS26 were reported in certain disease-affected areas of human AD patient brains, particularly in the entorhinal cortex, but not in the dentate gyrus (17) . In our study, we examined the hippocampal regions from AD patient brains. We found that while VPS35 accumulated in presynaptic terminals of the hippocampus, it exhibited no significant reduction in the post-nuclear supernatants relative to that of control subjects (0.77 6 0.14; P ¼ 0.166) (Supplementary Material, Fig. S4 ). Thus, our data are consistent with those of previous studies (17) . In the current study, mutant hAPP Tg (J20) mouse brains and cultured neurons also do not exhibit any detectable reduction in the levels of the core retromer protein VPS35 (Supplementary Material, Fig. S2 ), which excludes the possibility of global retromer deficiency. Moreover, we found that AD patient brains show abnormal retention of retromer at presynaptic terminals ( Supplementary  Material, Fig. S4 ), a phenotype similar to that of mutant hAPP Tg mice (Figs 1 and 2) . Such defects lead to retromer dysfunction in the soma, thereby resulting in impaired lysosome biogenesis and defective lysosomal proteolysis in AD neurons. Pharmacological chaperones aiming to stabilize the retromer complex have been investigated to rescue retromer deficiency in AD (38) . Our findings allow us to propose a new strategy to enhance retromer functionality in AD neurons by increasing retrograde axonal transport of retromer.
The trafficking mechanism of the retromer has been studied mostly in many non-neuronal cell types. It remains unknown how retromer trafficking is regulated in neurons. Retromer was reported to support AMPA receptor trafficking during dendritic spine maturation and LTP (12, 13, 32, 33) . Moreover, the retromer complex was shown to associate with dynein/dynactin motor complex (39, 40) , and regulate retrograde axonal trafficking of BACE1 (18, 41) . In the axon of WT neurons, we consistently found that a significant portion of retromer co-localizes and co-migrates with late endosomes in a retrograde direction (Fig. 1) . However, retromer in the dendrite exhibits a shortrange bidirectional trafficking pattern and associates much less with late endosomes (Supplementary Material, Fig. S1 ). Thus, our results indicate a differential mechanism regulating axonal versus dendritic retromer trafficking. We propose that dendritic retromer may play a major role in regulating local trafficking events, whereas axonal retromer undergoes longdistance retrograde transport to fulfill its function in the soma of neurons. In our recent study, we provided mechanistic insights into defects in the retrograde transport of late endosomes/amphisomes in AD neurons (34, 42) . We demonstrated that direct interaction of oligomeric Ab1-42 with dynein intermediate chain (DIC) disrupts the coupling of dynein-Snapin, a motor-adaptor complex essential for recruiting dynein transport machinery to late endosomes. As a result, this interaction impairs the recruitment of dynein motors to late endosomes, thereby immobilizing them in distal axons. Taken together, we proposed that such defects likely result in impaired retromer trafficking to the soma for the fulfillment of its function in AD neurons.
Lysosomal dysfunction is a prominent feature in AD brains, and has been linked to AD pathogenesis. Inhibiting lysosomal proteolysis produces similar neuropathology in WT mice and also exacerbates amyloid and autophagy pathology in mouse models of AD (28, 43) . Proteins and key genetic risk factors such as presenillin 1 mutations and ApoE4, which are known to be involved in AD pathogenesis, directly impair lysosomal function (44) . Other factors contributing to AD pathogenesis, which include reactive oxygen species (ROS), Ab peptides, and oxidized lipids and lipoproteins, similarly impede lysosomal proteolysis, leading to apoptosis and neuronal cell death due to toxic accumulation, as seen in the disease (44) . In the current study, we propose that impaired targeting of proteases to the lysosome leads to defects in lysosomal proteolysis in AD neurons. Proper delivery of newly synthesized proteases from the TGN to the endo-lysosomal system depends on the presence of CI-MPR at the Golgi. Retromer facilitates this process by mediating the retrieval of CI-MPR from the late endosome to the TGN (11). Our results indicate that impaired transport of proteases to the lysosome in AD neurons is attributed to defective CI-MPR recycling to the Golgi as a result of retromer dysfunction in the soma ( Figs  2-4 and 6) . Thus, protease deficiency in lysosomes disrupts lysosomal proteolytic activity, backing up damaged mitochondria and autophagic cargoes in swollen lysosomes or autolysosomes in AD neurons (Figs 5 and 8) .
Mounting evidence demonstrated that autophagosomes are robustly generated in distal axons and move continuously in a retrograde direction toward the soma, where major clearance of autophagic cargoes occurs following fusion with somatic lysosomes (45) (46) (47) . Moreover, in order to gain long-distance retrograde motility, newly generated autophagosomes inevitably fuse with late endosomes to form amphisomes for their recruitment of dynein motor transport machinery (46) . A recent study reported that lysosomes deficient in luminal proteases are accumulated in the axon of an AD mouse model (37) . Such defects were proposed to impair autolysosomal proteolysis for eliminating autophagic substrates from autolysosomes in the axon and thus contribute to massive accumulation of such autolysosomes. However, this study did not exclude the possibility that the accumulated organelles in the axon may represent amphisomes rather than lysosomes or autolysosomes, since they all are positive for LAMP-1. In accordance with this view, several studies have shown that autophagic organelles, in particular amphisomes, are massively accumulated in dystrophic axons of AD brains (4, 34, 37, 48) .
It has been shown that active proteases are preferentially enriched in the somatic lysosome of neurons (27, 28, 31, 37) . Consistently, we demonstrated that lysosomes enriched with active proteases are concentrated in the soma of WT neurons (Fig. 4) . However, lysosomal proteases are markedly reduced in AD neurons, leading to defects in the clearance of sequestered substrates within the lysosome (Figs 4-6 ). Our data is consistent with previous studies showing impaired lysosomal Cathepsin activities in the soma of neurons from another mouse model of AD (49) . In the current study, we further reveal that enhancing retrograde transport of the retromer complex corrects deficits in the elimination of lysosomal substrates by increasing luminal proteases levels in the lysosome (Figs 7 and  8 ). Autophagic clearance has been shown to primarily take place in the soma of neurons (31, 45, 46) . Impaired retrograde transport was proposed to contribute to autophagic stress in the distal axon of AD brains (34, 37) . Thus, in our study, enhanced retrograde transport may also facilitate targeting axonal autophagic cargoes for lysosomal clearance in the soma of AD neurons.
In conclusion, the current study advances our understanding of lysosomal defects in AD brains, and provides new cellular insights into the complex regulation of neuronal lysosome biogenesis by coordinating retrograde transport of retromer in the axon and retromer-mediated CI-MPR recycling to the Golgi in the soma, as well as how defects in this cellular pathway lead to impaired lysosomal proteolysis and substrate accumulation in AD neurons. Our data also allows us to propose a model that enhanced retrograde trafficking of retromer in the axon facilitates lysosome biogenesis in the soma. Further therapeutic approaches aimed at modulating retrograde axonal transport of retromer may help rescue lysosomal proteolysis deficits associated with AD. Given that AD neurons display unaltered Snapin levels (Supplementary Material, Fig. S2 ), up-regulation of Snapin-mediated mechanism could serve as a therapeutic strategy to treat AD-linked lysosomal deficits. The study may have a broader relevance to other neurodegenerative diseases with retromer deficiency and a lysosomal component to their pathology.
Materials and Methods
Mice hAPP mice (C57BL/6 J) from line J20 (https://www.jax.org/strain/ 006293) (30) were purchased from the Jackson Laboratory.
Human brain specimens
Five postmortem brain specimens from AD patients diagnosed with AD according to Braak criteria (50) and four age-matched control subjects were obtained from the Harvard Tissue Resource Center and the Human Brain and Spinal Fluid Resource Center at UCLA. The specimens were from hippocampus and were both quick-frozen (BA9).
Materials Transfection and immunocytochemistry of cultured cortical neurons
Cortices were dissected from E18-19 mouse embryos as described (27, 51, 52) . Cortical neurons were dissociated by papain (Worthington) and plated at a density of 100, 000 cells per cm 2 on polyornithine-and fibronectin-coated coverslips. Neurons were grown overnight in plating medium (5% FBS, insulin, glutamate, G5 and 1 Â B27) supplemented with 100 Â L-glutamine in Neurobasal medium (Invitrogen). Starting at DIV 2, cultures were maintained in conditioned medium with half-feed changes of neuronal feed (1 Â B27 in Neurobasal medium) every 3 days. Primary hAPP Tg neurons were cultured from breeding mice of hemizygous mutant hAPPSwe/Ind Tg (J20 line) with WT animals (30) . Genotyping assays were performed following culture plating to verify mouse genotypes. In our study, we examined both transgenic neurons and non-transgenic neurons derived from their littermates. WT and mutant hAPP Tg neurons were transfected with various constructs at DIV6-8 using Lipofectamine 2000 (Invitrogen), followed by time-lapse imaging 7-13 days after transfection and prior to quantification analysis.
For immunostaining, cultured neurons were fixed with 4% formaldehyde (Polyscience, Inc.) and 4% sucrose (Sigma) in 1 Â C with culture medium containing EGF (5 lg/ml), followed by incubation at 37 C with medium in the absence of EGF for various times before fixation and immunostaining with antibodies against MAP2 and EGFR.
Image acquisition and quantification
Confocal images were obtained using an Olympus FV1000 oil immersion 60Â objective (1.3 numerical aperture) with a sequential-acquisition setting. For fluorescent quantification, images were acquired using the same settings below saturation at a resolution of 1024 Â1024 pixels (8 bit). Eight to ten sections were taken from the top-to-bottom of the specimen and brightest point projections were made. Morphometric measurements were performed using NIH ImageJ. Measured data were imported into Excel software for analysis. The thresholds in all images were set to similar levels. Fluorescence intensity of LAMP-1, Bodipy FL-pepstatin A, or VPS35 was expressed in arbitrary units of fluorescence per square area. The mean intensity of LAMP-1, Bodipy FL-pepstatin A or VPS35 in the soma of mutant hAPP Tg cortical neurons was normalized as a percentile ratio relative to that in WT control neurons. Data was obtained from at least three independent experiments and the number of neurons used for quantification is indicated in the figures. All statistical analyses were performed using the Student's t-test and are presented as mean 6 SEM.
Criteria for axon selection in cultured neurons
For analyzing mitochondrial motility in live neurons, we selected axons for time-lapse imaging and measuring mitochondrial motility because axons, but not dendrites, have uniform microtubule organization and polarity. Axonal processes were selected as we previously reported (26, 27, 51) . Briefly, axons in live images were distinguished from dendrites based on known morphologic characteristics: greater length, thin and uniform diameter, and sparse branching (53) . Only those that appeared to be single axons and separate from other processes in the field were chosen for recording axonal mitochondrial transport. Regions where crossing or fasciculation occurred were excluded from analysis.
For live cell time-lapse imaging, neurons were transferred to Tyrode's solution containing 10 mM Hepes, 10 mM glucose, 1.2 mM CaCl 2 , 1.2 mM MgCl 2 , 3 mM KCl and 145 mM NaCl, pH 7.4. Temperature was maintained at 37 C with an air stream incubator. Cells were visualized with a 60Â oil immersion lens (1.3 numerical aperture) on an Olympus FV1000 confocal microscope, using 458 excitation for CFP, 488 nm for GFP or YFP, and 559 nm for DsRed. Time-lapse sequences of 1024 Â1024 pixels (8 bit) were collected at 5-s intervals with 1% intensity of the laser to minimize laser-induced bleaching and cell damage while maximizing pinhole opening. Time-lapse images were captured at a total of 100 frames. Recordings were started 6 min after the coverslip was placed in the chamber. The stacks of representative images were imported into NIH ImageJ software and converted to QuickTime movies. A vesicle or membranous organelle was considered stopped if it remained stationary for the entire recording period; a motile one was counted only if it displaced at least 5 lm. To trace axonal anterograde or retrograde movement of vesicles or organelles and to count stationary ones, kymographs were made as described previously (51, 54) with extra plug-ins for ImageJ (NIH). Briefly, we used the 'Straighten' plugin to straighten curved axons, and the 'Grouped ZProjector' to z-axially project re-sliced time-lapse images. The height of the kymographs represents recording time (300 s unless otherwise noted), while the width represents the length (lm) of the axon imaged. Counts were averaged from 100 frames for each time-lapse image to ensure accuracy of stationary and motile events. Relative motility of vesicles or organelles is described as the percentage of anterograde, retrograde, or stationary events of total vesicles or organelles. Measurements are presented as mean 6 SEM. Statistical analyses were performed using unpaired Student's t-tests.
Tissue preparation and immunohistochemistry
Animals were anaesthetized with 2.5% avertin (0.5 ml per mouse) and transcardially perfused with fixation buffer (4% paraformaldehyde in PBS, pH 7.4). Brains were dissected out and post fixed in fixation buffer overnight and then placed in 30% sucrose at 4 C. 10-lm-thick coronal sections were collected consecutively to the level of the hippocampus and used to study co-localization of various markers. After incubation with blocking buffer (2.5% goat serum, 0.15% Triton X-100, 1.5% BSA, 0.5% glycine in H 2 O) at RT for 1 h, the sections were incubated with primary antibodies at 4 C overnight, followed by incubation with secondary fluorescence antibodies at 1:600 dilution at RT for 1 h. After fluorescence immuno-labeling, the sections were stained with DAPI and washed three times in PBS. The sections were then mounted with anti-fading medium (vector laboratories, H-5000) for imaging.
Immunoisolation of late endocytic organelles
Brain tissues from WT mice were homogenized in the buffer (10 mM HEPES [pH 7.4], 1 mM EDTA, 0.25 M sucrose and protease inhibitors) and centrifuged at 800g for 10 min, and then the supernatant was collected. The pellet was re-suspended in the homogenization buffer using a glass rod with 3-4 gentle strokes of the pestle of the 30-ml Dounce Homogenizer and re-centrifuged at 800g for 10 min. The combined first and second supernatants were centrifuged at 3500g for 10 min and then collected for high-speed centrifugation at 20 000g for 10 min. The pellet was re-suspended in the homogenization buffer using a glass rod with 3 to 4 gentle strokes of the pestle of the 30-ml Dounce Homogenizer and re-centrifuged at 20 000g for 10 min. The pellet was then re-suspended in the homogenization buffer and subjected to immuno-isolation with tosylated linker-coated superparamagnetic beads (Dynabeads M-450 Subcellular; Invitrogen) as described in previous studies (26, 27, 46, 55) . For all subsequent steps, beads were collected with a magnetic device (MPC; Invitrogen). After washing once for 5 min in PBS (pH 7.4) with 0.1% BSA at 4 C, the linker-coated beads (1.4 mg) were incubated with 1 lg anti-Rab7 mAb, or control mouse IgG overnight at 4 C on a rotator. After incubation, the beads were washed four times (5 min each) in PBS [pH 7.4] with 0.1% BSA at 4 C, and then re-suspended in an incubation buffer containing PBS [pH 7.4], 2 mM EDTA, and 5% fetal bovine serum. Approximately 400 lg of light membrane fraction from WT mouse brains were mixed with incubation buffer containing beads (final reaction volume 1 ml) and incubated for 4 h at 4 C on a rotator. After incubation, the beads were collected with a magnetic device and washed five times with the incubation buffer and three times with PBS for 10 min each and then resolved by 4-12% Bis-Tris PAGE for sequential Western blots on the same membranes after stripping between each application of the antibody.
Supplementary Material
Supplementary Material is available at HMG online.
